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The development of the cerebral cortex involves the specification of intrinsic circuitry and extrinsic connections, the pattern of inputs and outputs. To investigate the development of a major afferent input to the cortex, we studied the formation of thalamocortical connections in an organotypic culture system. Slices from the lateral thalamus of young rats were cocultured with slices from the visual cortex. Thalamocortical projections in vitro were examined anatomically with fluorescent dyes and physiologically with electrophysiological and optical recording techniques. Axons emerged from thalamic explants radially in all directions. The outgrowth of thalamic fibers and the course of the axonal trajectories were not influenced by the presence of the cocultured cortex. Only those thalamic axons that happened to grow toward the cortical slices invaded their target tissue. Thalamocortical projection cell in vitro had the characteristic morphology of thalamic relay neurons. Cells with the morphology of interneurons were present in thalamic explants, but these neurons did not project to the cocultured cortex. Thalamocortical axons in vitro terminated in their appropriate cortical target layer, formed axonal arbors, and made functional synaptic contacts. Such specific connections between thalamic neurons and their cortical target cells were established regardless of whether thalamocortical axons invaded the cortex from the white matter side or from the pial surface. These results suggest that thalamic projection neurons have an innate mechanism that allows them to recognize their cortical target cells. Thus, intrinsic factors play a significant role in the laminar specification of cortical connections during development.
The neuronal connections between the thalamus and the cerebral cortex are organized with great precision. Each sensory nucleus of the thalamus projects to a specific area of the neocortex and, in turn, receives input from the area of cortex to which it projects. Thalamic relay neurons form an ordered topographical projection within their cortical target region where they contact primarily neurons in layer 4, while cells in layer 6 project back to their thalamic nucleus. The generation of these specific reciprocal connections between thalamus and cortex involves a complex sequence of developmental events that have been studied most thoroughly in the visual system. For example, previous studies have established that axons from the LGN arrive at the developing visual cortex before their target cells in layer 4 are generated in the proliferative region ofthe ventricular surface (Lund and Mustari, 1977; Rakic, 1977; Shatz and Luskin, 1986 ). However, the thalamocortical axons do not invade the cortex but first grow into the subplate zone, a region situated below the cortical plate that contains the earliest-generated neurons (Kostovic and Rakic, 1980; Luskin and Shatz, 1985; Chun et al., 1987; Wahle et al., 1987; Chun and Shatz, 1989a,b; Wahle and Mayer, 1989) . Thalamic afferents innervate the cortex only after layer 4 cells have been generated and have migrated from the ventricular zone toward their appropriate position in the cortical plate. The above-mentioned observations have led to a number of suggestions as to the mechanisms by which specific interconnections between thalamus and cortex are achieved during development. For example, because thalamic fibers "wait" in the subplate zone before they enter the developing cortex, it has been proposed that the state of maturation of the cortex determines the ingrowth of cortical afferents Jones, 1976, 1978) . It has also been hypothesized that the subplate serves as a temporary target to promote the waiting of afferents (Rakic, 1977; Rakic, 1980, 1990; Luskin and Shatz, 1985; Chun and Shatz, 1989a,b) . However, based on observations made in the intact animal, these suggestions are for the most part supported only by correlative evidence.
An in vitro system is of considerable advantage in gaining some insight into the cellular and molecular strategies by which connections between thalamus and cortex are established. Various methods have been described to maintain the mammalian cortex in culture (Crain and Bomstein, 1964; Seil et al., 1974; Romijn et al., 1988; Caeser et al., 1989; Wolfson et al., 1989; Annis et al., 1990) . In previous studies, a roller culture method (Gahwiler, 198 la) was used to cultivate slices from the visual cortex of young postnatal rats for several months. It has been demonstrated that such cortical slice cultures are organotypitally organized and that cortical neurons, at least to some extent, continue to differentiate and mature in these preparations (Caeser et al., 1989; GGtz and Bolz, 1989, 1990; Annis et al., 1990; Bolz et al., 1990; Wolburg and Bolz, 1991) . Cells in cortical cultures establish connections with appropriate cocultured brain areas (Yamamoto et al., 1989; Bolz et al., 1990; Heffner et al., 1990 ; Molnar and Blakemore, 199 1). These findings have opened up the possibility of studying aspects of development and fimction of cortical connections under well-controlled experimental conditions.
In the present study, we examine the afferent projection from thalamic slices to cocultured slices from visual (Siemens) passed through an epifluorescence filter set (Zeiss, BP 546, FT 580, LP 590 
Materials and Methods
Preparation of slice cultures. Cortical slice cultures were prepared using a roller culture techniaue (GLhwiler. 198 la) as described previously by Caeser et al. (1989) . 1; b&f, rat pups (Lewis) from postnatal day 0 (PO) up to P9 were decapitated, and small blocks of the dorsal occipital cortex from both hemispheres were prepared aseptically in ice-cold Gey's balanced salt solution (GBSS) with 6.5 mg/ml glucose. The pia was taken off and tissue blocks were cut coronally with a McIlwain tissue chopper at a thickness of 300 pm. For preparation of thalamic slices the cortical hemispheres were first removed and the diencephalon was then incised vertically, anterior and posterior to the LGN. This provided a tissue block of about 1 mm thickness whose dorsolateral portions contained the LGN of both hemispheres. The LGN were separated from this block by two oblique incisions running from dorsomedial to ventrolateral. The remaining pia was carefully removed and the blocks were sliced at 300 pm.
de&bed pr&iously (Bonhoeffer and S&ger, 1988) . As with the electrophysiological experiments, we stimulated the thalamic slice with monopolar tungsten electrodes and simultaneously recorded the fluorescence signals over a period of either 96 or 192 &ec. To minimize photodynamic damage, a relatively long interstimulus interval of 30 set was used. At each position, we recorded two to four sweeps, and then moved the objective to a different location over the cortical culture. We attempted to record optically from the whole cortical slice, but we chose the recording sites randomly so that a possible drift in the optical signals over the course of an experiment would not be translated into a spatial gradient. Moreover, to control for the stability ofthe signals, we recorded from several locations repetitively at different times during an experiment. An experiment was stopped once optical signals at a given site began to change.
After cutting, the slices were stored for 30 min at 4°C in GBSS. Subsequently, a thalamic slice was placed next to a cortical slice (distance about 0.5-l mm) on a cleaned coverslip and embedded in a plasma clot of 20 ~1 of titrated chicken plasma (Sigma) coagulated by 20 ~1 of thrombin solution (0.2 mg/ml, 20 NIH-units/ml, Hoffmann La Roche). The thalamic slice was placed either next to the white matter or next to the pial side of the cortical slice. In some experiments, a thalamic slice was cocultured with a cortical slice prepared from animals of the same age, and in others, with a cortical slice prepared from animals of different ages.
The cocultures were maintained in plastic culture tubes (Nunc) with 0.75 ml of medium consisting of 50% Eagle's basal medium, 25% Hanks' balanced salt solution, and 25% horse serum containing 0.1 mM glutamine and 6.5 mg/ml glucose (all components from GIBCO). The medium was changed every other day. The culture tubes were put in a roller drum incubator at 36°C (dry air without CO,/O, control) that rotated at 14 revolutions per hour. After 3 d in culture, mitotic inhibitors (5-fluoro-2-deoxyuridine, cytosine-P-D-arabinofuranoside, uridine; all from Sigma) were added for 24 hr at a final concentration of 4.4 PM to prevent excessive growth of glia cells and fibroblasts.
In some experiments, single cortical slices were first kept in vitro for 3-9 d, and then cocultured with freshly prepared thalamic slices. Cocultures obtained with this technique received antimitotics only once, before the thalamus was added.
Electrophysiological recording. Electrophysiological recordings were carried out in a temperature-controlled chamber at 32°C. The chamber was mounted on an inverted microscope (Zeiss IM 35). The cultures were constantly superfused with 30 ml/hr Hanks' balanced salt solution (GIBCO) with additional 2 mM CaCI,. For intracellular recordings, we used glass electrodes pulled from thick-wall glass capillaries (Clark) filled with 3 M K-acetate or 3 M KCl. The electrodes had resistances between 60 and 90 MQ.
Thalamic cultures were electrically stimulated with single current pulses applied to monopolar insulated tungsten electrodes (duration, 50 psec; amplitude, 10-1000 PA, electrode negative). For pharmacological stimulation, glutamate (3 M, pH 8.4) was applied iontophoretically through glass electrodes with resistances of approximately 10 MQ. Glutamate was ejected with currents between 30 and 500 nA. Recordings were documented either by taking photographs from the screen of a storage oscilloscope or by storing digitized data in a computer.
Optical recording. Voltage-sensitive dyes were used to monitor electrical activity over a large area in cortical explants in response to electrical stimulation of the cocultured thalamic slice. In these experiments, we used the styryl dyes RH237 or RH795 (Grinvald et al., 1982 (Grinvald et al., , 1984 . The medium in the chamber was exchanged for a medium to which the dye was added at about a 1 PM concentration, and the perfusion was then stopped for 15-30 min to allow for staining with the dye. After the perfusion recommenced, we waited about 20 min to ensure that any dye not bound to membranes was washed out. The cocultures were illuminated with light from a mercury lamp with stabilized power supply Histology and tracing. For intracellular staining of individual neurons, cell bodies were impaled with Lucifer yellow-filled electrodes (1 O-20% in 0.1 M LiCl; Aldrich). Lucifer yellow was injected into the cells with negative current pulses (111 nA, 200 msec duration at 4 Hz) applied to the electrode for 3-15 min. After several cells had been injected, the cultures were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (PB) for several hours, dehydrated in an ascending alcohol series, cleared with xylene, and mounted in Entellan (Merck). Lucifer yellowfilled cells were examined with a Leitz epifluorescence microscope (Leitz 12.3 filter set). Selected cells were photographed and drawn with the aid of a drawing apparatus.
For retrograde and anterograde tracing, we used the lipophilic fluorescent dye dioctadecyl-tetramethylindocarbocyanine perchlorate (DiI; Molecular Probes, Eugene, OR). Several very small DiI crystals were placed in either the thalamic or the cortical explants. The cocultures were then fixed with 4% paraformaldehyde in PB and kept in the fixative at room temperature for l-3 months to allow diffusion ofthe dye (Godement et al., 1987) . The labeled cells and fibers were viewed with a Leitz epifluorescence microscope equipped with a Leitz N 2.1 (rhodamine) filter set and either photographed or reconstructed using a drawing apparatus.
To examine the histological appearance of the thalamic explants and to study the layering of the cortical explants, most cocultures were counterstained with 1% cresyl violet in distilled water, differentiated in acetic acid-alcohol, dehydrated in ascending alcohols, cleared in xylene, and embedded in Entellan (Merck). In some experiments, cells destined for different layers were labeled on their birthday by injecting timed meanant rats with 250 me/kg bodv we&t 5-bromodeoxvuridine (BrdU): ihe-day of sperm detection &as define> as embryonic day 1 (El). Cells that are generated at the time of injection incorporate BrdU. They were detected in slice cultures and in littermates of the corresponding age with immunohistochemical techniques (Miller and Nowakowski, 1988) . BrdU-immunoreactive cells were drawn from the microscope with a drawing apparatus; from these reconstructions, histograms were made representing the distribution of labeled cells at different relative depths in the cortex.
Results
Cellular organization of cortical and thalamic slice cultures Several previous studies described the structural organization of cortical slice cultures at both the light and electron microscopic level (Caeser et al., 1989; G6tz and Bolz, 1989, 1990; Annis et al., 1990; Bolz et al., 1990; Wolburg and Bolz, 199 Figure 7 .
BrdU birthdating in vivo in vitro asymmetric synaptic connections in slice cultures is similar to that observed in normal cortex. Nissl staining revealed that the cytoarchitecture is preserved in slice cultures. There is almost always a sharp border delineating the gray matter from the underlying white matter zone, and the cortical layers are recognizable. However, it is not always possible to determine the exact boundary of every cortical layer. This is somewhat similar to the situation in situ, where the cortical layers of young rats are less distinct in Nissl-stained sections than in adult animals. The layering of cortical slice cultures was also assessed with a different method. It is well known that the cells destined for the various cortical layers are born at about the same time. The generation of cortical neurons follows an inside-first, outsidelast sequence, with the cells in the later-generated upper layers migrating past those in the earlier-generated lower layers (Angevine and Sidman, 1961; Berry and Rogers, 1965; Hicks and D'Amato, 1968; Rakic, 1974; Luskin and Shatz, 1985) . As described in more detail elsewhere (Gotz and Bolz, 1992) cells were labeled on their birthday by injecting timed pregnant rats with BrdU, and the location of BrdU-labeled cells in slice cultures after l-3 weeks in vitro was compared with the distribution of labeled cells in littermates of the corresponding age. As reported previously, 87% of the cells generated on E 16 are located in layers 5 and 6 in vivo and 7 1% of the BrdU-labeled cells are found in the lower half of the gray matter in slice cultures. With an injection of BrdU on El& 93% of the labeled cells are in layers 2 and 3 in vivo and 89% of the labeled cells are in the upper quarter of the gray matter in slice cultures Gbtz and Bolz, 1992) . For the present study, we wished to determine the distribution of cells destined for layer 4 and therefore made BrdU injections at El 7. In rat cortex, at El7 there is the peak of neurogenesis, and some cells ofevery cortical layer are born at this embryonic stage (Miller, 1988) . However, 53% of the cells labeled at El7 were located in layer 4, and in slice cultures there was a band of labeled cells at a similar position as in vivo. This is illustrated in Figure 1 , which shows the position of cells born at E 16, E 17, and E 18 in vivo and in cortical slice cultures. For a quantitative analysis, we divided the cortical gray matter in 10 equidistant bins and counted the number of cells labeled with BrdU at El 7. In vivo, 72% of the labeled cells were located in bins 6-8 (bin 1 is adjacent to the white matter side; bin 10 is adjacent to the pial side), and in cortical cultures 59% of the labeled cells were found at the same radial position (see Fig. 7D ,E). As will be described in detail below, this is the zone where most afferents from cocultured thalamic explants terminate, and we refer to this region as "the middle" of the cortical slice culture.
Thalamic slices, in contrast to cortical slices, proved to be more difficult to maintain in culture. Thalamic cultures thinned out faster and more irregularly than cortical slice cultures. The inhomogeneous flattening of thalamic slice cultures often resulted in clusters of cell sparse regions. After about 1 week in vitro, the cells in these regions became necrotic and, as a consequence, holes appeared in the plasma clot. Approximately 30% of thalamic cultures prepared from 0-2-d-old animals and maintained in vitro for l-4 weeks flattened homogeneously. These nearly monolayer cultures had clearly defined borders when examined with phase-contrast or dark-field microscopy, indicating that only a few cells had migrated out of the explant ( Fig. 2A) . Nissl staining showed regularly dispersed neurons in the thalamic slices with small to midsized somata, often triangular in shape (Fig. 2B ). The success rate was only about 20% for thalamic slice cultures prepared from 3-5-d-old animals and less than 10% when the animals were older than 5 d. In contrast, it was much easier to obtain good cultures from cortical slices, and this was independent of the age of the animals. More than 80% of cortical slice cultures prepared from 0-9-d-old rats flattened evenly and showed no signs of degeneration.
In an attempt to overcome some of the difficulties encountered with thalamic slice cultures, we first cultured cortical slices for 3-14 d in isolation, and then added a freshly prepared thalamic slice to the "precultured" cortex. The coculture was grown for an additional 4-14 d in vitro (DIV) until both the cortical slice and the thalamic slice flattened to nearly monolayers. However, this culture technique did not improve the success rate substantially. Because of these problems with thalamic explants, we had to prepare over 2000 thalamus<ortex cocultures. For the anatomical and physiological experiments described in the present article, only such slice cultures were used that flattened homogeneously, had distinct borders, and showed no obvious indication of degenerating neurons.
To examine the morphology of thalamic neurons in slice cultures, we injected individual neurons intracellularly with Lucifer yellow in living cultures, and labeled cells with the fluorescent Figure 2 . &cultures of slices from visual cortex (top) and lateral thalamus (bottom) after 12 DIV. The pial side of the cortical slice is up, and the white matter side faces the cocultured thalamus. A is a dark-field micrograph of a live coculture. B illustrates the histological appearance of a fixed coculture stained with cresyl violet (in bright-field optics). Scale bars, 500 pm.
dye DiI in fixed cultures. Figure 3 shows representative examples of thalamic cells stained in vitro. The cell in Figure 3A has a multipolar morphology with many highly branched primary dendrites that arise from a round soma. In contrast, the cells in Figure 3 , B and C, appear bipolar; they have oval or spindle shaped cell bodies and few primary dendrites that are sparsely branched. Multipolar and bipolar cells in thalamic slice cultures resemble closely class A and class B cells, respectively, of the rat LGN in viva, first described in Golgi preparations by Grossman et al. (1973) . Class A (multipolar) neurons are geniculocortical projection cells, because cells of this class were labeled after HRP injections into the visual cortex, while class B (bipolar) cells were not labeled and therefore are thalamic interneurons (Webster and Rowe, 1984) . To determine the morphology of thalamocortical cells in vitro, we labeled cells in thalamic cultures retrogradely with DiI from the cocultured cortical slice. As shown in Figure 4 , thalamic projection neurons in vitro are multipolar in shape; cells with bipolar morphology were not found to establish connections with the cocultured cortex.
Thalamocortical connections in vitro: anatomy Outgrowing thalamic fibers were examined in living cultures with phase-contrast microscopy, or traced in fixed cultures with DiI and viewed with an epifluorescence microscope. Unstained thalamic fibers growing in the plasma clot were clearly visible with phase-contrast optics, but once the fibers entered the cortex they were only detectable after staining with the fluorescent dye DiI. Crystals of DiI applied to the thalamus produced an intense staining of individual axons and their terminals in the distant cocultured cortex. However, only 1 O-30% of all fibers seen with phase-contrast optics were stained with DiI. The unstained axons were probably not in close contact with DiI crystals such that the dye could not diffuse in the membranes of the fibers (Godement et al., 1987) . Thus, this technique obviously underestimates the number of outgrowing fibers.
In thalamic slice cultures prepared from 0-2-d-old rats, as early as after l-2 DIV many fibers could be seen to leave the explant (Fig. 5A,B) . The fiber outgrowth was directed radially away from the thalamic slices, and growth cones were visible at the end of the axons. The axons rarely ramified outside the explant, but when they did, the direction of the fiber branches of fibers in cortex-thalamus cocultures when compared with deviated only slightly from the trajectory of their parent fiber.
thalamic explants cultured alone, nor a directed growth of thaIn some thalamic cultures, fibers left the explant radially in all lamic fibers toward the cocultured cortex. directions; in others thick fiber bundles were formed at only a
The pattern of fiber outgrowth started to change after about few places on the explants. We found no influence of the co-5 DIV, when the fibers reached a length between 2 and 3 mm. cultured cortical target tissue on the fiber outgrowth from the Many thalamic fibers that had not reached the cocultured cortex thalamic explants. There was neither an increase in the number began to degenerate and disappeared after 7-10 DIV. On the . Fluorescent micrographs to illustrate fiber outgrowth from thalamic explants labeled with WI. A, Thalamic fibers leave the explant radially in a rather straight course. Note that fiber trajectories are not influenced by the cocultured cortex, which is partially visible in the lower part of the micrograph. B, High-power view of A. C, Thalamic fibers growing into a cocultured cortical slice. Note that the fibers terminate in the middle of the cortical slice. ctx, Outline of the cortical culture. The broken line indicates the border between gray and white matter as determined after the culture was stained with cresyl violet. thal, Outline of the thalamic culture facing the white matter side of the cortex. Scale bars: A and C, 500 brn; B, 25 pm.
other hand, thalamic fibers that had grown into the cortex could taken from animals at the day of birth, in about 60% of the still be detected after 4 weeks in vitro, the longest culture period explants taken from Pl or P2 animals and in less than 30% of used in the present study. Fiber outgrowth also depended strongthe explants from P3 animals (Fig. 6 ). Only rarely could we ly on the age of the animal from which the explant was taken.
detect fiber outgrowth in thalamic cultures prepared from aniWe labeled thalamic axons in 338 cocultures with DiI and obmals after P3. served outgrowing fibers in about 80% of the thalamic slices Once thalamofugal fibers arrived at the cocultured cortical Thalamus Explantation Day Figure 6 . Percentage of thalamic explants where more than five axons were found to grow out. The number of explants examined is indicated above each bar. Almost no fiber outgrowth was observed after P3; note that this time window corresponds to the growth of thalamic axons in vitro.
target tissue after 4-7 DIV, many fibers grew into the cortical slice. However, some fibers did not enter the cortex, but instead grew around the cortical culture. Thalamic fibers were able to invade the cortex from the white matter side (Fig. 5C ), as well as from the pial side when the thalamus was placed next to the pial surface of the cortical culture (Fig. 7C) . In both cases, thalamic axons stopped in the middle of the cortical culture and formed terminal arbors that could be quite elaborate (Fig. 8) .
For a quantitative analysis, we measured the distribution of the endings of all thalamic branches at different relative depths in the cortical explant in four cocultures. A representative example Figure   7 . Comparison of the distribution of cortical cells labeled with BrdU at El 7, when most cells of layer 4 are born, and the termination of thalamic axons within cortical slice cultures. Drawings of BrdU-labeled cells in a P13 animal (A) and in a slice culture prepared from a littermate at the day of birth and kept in vitro for 15 d (B). C, Camera lucida drawings of thalamocottical projections in vitro that were anterogradely stained with DiI from the thalamic explant placed close to the pial surface of the cortical slice. D-F, Histograms of the position at different relative cortical depths of the BrdU-labeled cells in vivo (D) and in vitro (E), and of the endings of thalamic fibers (F). In these histograms, 0 corresponds to the white matter; 100, to the pial side of the cortex. The borders between gray and white matter were determined after counterstaining with cresyl violet; they are indicated in A-C by the broken lines. For more details about the layering in cortical slice cultures see Gijtz and Bolz (1992 Figure 7F , and Figure 7 , D and E, shows for comparison the distribution of cells labeled with BrdU at El 7. We found that 52 f 8% of the thalamic fibers terminate in bins 6-8, the same position where the majority of BrdU-labeled cells are located. We never observed that thalamic axons grew beyond the cortical explant or that the fibers accumulated at the pial or white matter side of the cultures. When we allowed the cocultures to survive for l-3 weeks, we often observed thalamic fibers outside the cortical explant in the plasma clot that were much longer than the axons that terminated in the middle of the cortical slices. On the other hand, depending on the distance between the explants, after a short survival time (2-6 DIV), thalamic axons just entered the cortex or did not reach the cortical slice at all. In either case, these thalamic fibers had very few if any branches, in contrast to the thalamic axons that terminated in the middle of the cortical explants. Fibers emanating from the thalamic explants taken from PO-P2 animals invaded cortical slice cultures prepared from PO-P9 animals and terminated in the middle of the cortical explants in 44% of the cocultures examined. The success rate was about the same, irrespective of whether the thalamus was facing the white matter (87 cocultures) or the pial side (63 cocultures) of the cortical slice cultures. Thalamic explants failed to innervate the cocultured cortex because fibers were only emanating from the thalamus at sides pointing away from the cocultured cortex, or because the cultures were fixed before the thalamic fibers could grow long enough to reach the cortex, or else because thalamic fibers grew around the cortical explants. we placed a recording electrode in the cortical slice and a stimulating electrode at various locations in the cocultured thalamic slice. In 52 out of 133 intracellularly recorded cortical neurons, we were able to elicit a response after electrical stimulation in the thalamus. An example of such an experiment is shown in Figure 9 . Stimulation with low intensity evoked an EPSP in the cocultured cortical slice with 17 msec latency, 5 mV amplitude, and about 100 msec duration. When the stimulus intensity was augmented, the EPSP amplitude increased and additional responses occurred that were polysynaptic, since they had longer latencies and were less phase locked to the stimulus than the initial EPSP. When the stimulus intensity was increased further, the number of polysynaptic EPSPs increased, their latencies shortened, and they finally merged with the initial EPSP. Consequently a large, long-lasting EPSP developed that at the highest stimulus intensities used, reached the firing threshold of the cell (upper two traces in Fig. 9 ). In Figure 10 are shown different types of synaptic responses from cortical neurons after electrical stimulation in the thalamic explant. In some cells, thalamic stimulation elicited only a fast EPSP with short duration (Fig. lOA) , while in others the fast EPSP was followed by a slow, long-lasting component that often reached the cells' firing threshold (Fig. 10B) . The latency distribution of the synaptic responses is shown in Figure 11A . In 11 out of 52 cells, only a slow EPSP (latency >20 msec) was elicited, and an example of such a response is shown in Figure   1 OC. To measure the conduction velocity of thalamic axons in vitro, we placed two extracellular recording electrodes at a defined distance in the cortical explants and stimulated the cocultured thalamus. We found that the conduction velocity was between 0.2 and 0.4 m/set. These slow conduction velocities are comparable to the values measured in acute slice preparations from young animals (Komatsu et al., 198 1) . Thus, EPSPs with latencies shorter than 20 msec are in the range of monosynaptic responses, while EPSPs with latencies longer than 20 msec probably represent polysynaptic responses. Because in a given coculture we could record from only a few cells intracellularly, and because the distance between the thalamic and cortical explants varied considerably between different cocultures, it was not possible to distinguish reliably in our total sample between mono-and polysynaptic responses on the basis of the response latency. To address this weakness of single-unit recording, we used optical recording techniques that will be described in the next section.
To demonstrate the synaptic nature of the electrically evoked responses, in seven cocultures we exchanged the normal bathing medium with a Caz+-free medium. This treatment completely abolished the responses in all cells tested (Fig. 12) . In five cases, the responses recovered when the Ca*+-free medium was replaced by normal medium, but two cells were lost before the recovery was complete. These experiments clearly indicate that responses of cortical neurons after thalamic stimulation are me- diated by synaptic transmission. However, they do not prove that the responses are due to thalamocortical projection neurons. As was shown previously, corticothalamic cells innervate the cocultured thalamic slices (Yamamoto et al., 1989; Bolz et al., 1990) ; thus, these cells might be antidromically activated by electrical stimulation in the thalamus and in turn excite other cortical neurons via intrinsic connections.
To rule out the possibility that responses of cortical neurons are due to antidromic activation of corticothalamic neurons, we stimulated thalamic cells pharmacologically in eight cocultures. For this we used iontophoretical application of glutamate, the major excitatory neurotransmitter in the thalamus (Curtis and Davis, 1962; Kemp and Sillito, 1982; Salt, 1987) . Since glutamate exerts its postsynaptic excitatory effects on somata and dendrites but not on axons (Hess and Murata, 1974) , and since the spread of iontophorized drugs is very restricted (Herz et al., 1969; Bolz et al., 1984) this technique allowed focal stimulation of the thalamus without affecting corticothalamic projection neurons. An example of such an experiment is shown in Figure  13 . When the glutamate pipette was placed in the thalamus at the position labeled "glu 1, " iontophoretic ejection ofglutamate evoked a barrage of EPSPs in the intracellularly recorded cortical neuron. However, when the pipette was moved by 500 pm to the position labeled "glu 2," even very high ejection currents for glutamate could not evoke a response in the cortical cell. This demonstrates that focal activation of a restricted region in the thalamus generated postsynaptic responses in the cocultured cortex.
Thalamocortical connections in vitro: optical recordings In the preceding section, it was shown that thalamic neurons established functional connections with their cortical target area. Our axonal tracing experiments revealed that thalamofugal fibers arborized predominantly in the middle cortical layers. One would therefore expect that monosynaptic responses should be recorded mainly in the middle of the cortical slices. The distance between the stimulating electrode in the thalamus and the cells recorded in the cortex varied considerably for different recording sites in the cortical slice and even more so for different cocultures. As already mentioned above, this makes it very difficult to distinguish between mono-and polysynaptic latencies, since the latencies of the EPSPs were largely due to the slow conduction velocity. Another difficulty with electrophysiological recordings is that it is nearly impossible to assess whether thalamic stimulation evoked responses at only a few sites in the cortex, or whether thalamocortical connections formed in vitro, in combination with intrinsic cortical connections, are capable of activating a large part of the cocultured cortex. To overcome these limitations of single-unit recordings, we used voltage-sensitive dyes to monitor neuronal activity with optical techniques. This approach allowed us to detect the electrical activity over the whole cortical slice at high temporal resolution in response to stimulation of the cocultured thalamus. We performed optical recordings in 22 cocultures, and in 18 cocultures we could record signals in response to electrical stimulation in the thalamus. In the experiment illustrated in Figure  14 , we used a high stimulus intensity that activated about onehalf of the thalamic slice. In response to this strong stimulus, activity was recorded over the whole cortical slice. Figure 14B illustrates the latencies of these responses coded in gray levels, with shorter latencies corresponding to a darker gray. As one might expect, responses with the shortest latencies were recorded in the regions of the thalamus near the stimulating electrode. More importantly, however, in the cortex most responses with short latencies were located in the middle of the slice: 60% of all recording sites in the middle third of the gray matter had response latencies shorter than 20 msec, compared to only 10% in the upper and 23% in the lower third of the gray matter. At some recording sites in layer 6, there were responses with short latencies, these are most clearly visible in the right part of Figure  14B . These responses might be due to thalamic fibers inner- vating layer 6, or they might be due to antidromic activation of corticothalamic neurons, which are known to project to cocultured thalamic explants (Yamamoto et al., 1989; Bolz et al., 1990) . The response latencies measured with optical techniques were very similar to the latencies measured with electrophysiological recordings. Figure 11 depicts the distribution of the latencies measured with these two techniques. Since these data were collected in several different experiments, this figure also indicates that there was a comparable variation of the latencies in the optical and electrophysiological recording experiments.
In the example illustrated in Figure 14 we used a 10 x objective to image the optical signals on the photodiode array. At this low magnification, it was possible to monitor activity over the entire cortical slice by moving the objective to three to six different positions. However, the spatial resolution was relatively poor, since each individual photodiode integrated optical signals over an area of 150 x 150 Km. Therefore, in some experiments we used a 63 x objective, where the spatial resolution was 23 x 23 Nm. A previous study with hippocampal slice cultures demonstrated that at this magnification it is possible to obtain single-cell resolution with optical recording (Bonhoeffer and Staiger, 1988) . In the experiment shown in Figure  15 , we recorded optically with a 63 x objective at nine different positions in the cortical slice. The recording sites were aligned in a column, running from the pial surface down to the white matter side of the cortical culture. In this case, a weak current was applied to the stimulating electrode in the thalamus. As shown on the left side of Figure 15 , the shape of the optical signals closely resembled intracellularly recorded electrical responses. Optical responses were recorded only in the middle of the cortical culture, and the responses with the shortest latencies were found in a very narrow band.
Discussion
In this study, we have examined the formation of thalamocortical projections in a slice culture system. The results show that thalamic neurons make connections with cocultured cortical slices prepared from postnatal animals, where their target cells are located at the appropriate position in layer 4. Connections appeared to be formed by the correct thalamic cell type, since thalamocortical projection neurons in vitro had the morphology of relay neurons, but not of interneurons. The initial outgrowth of thalamic axons in vitro was not influenced by the presence of cortical tissue. However, once thalamic fibers had reached the cortex, they arborized in the appropriate cortical layer and formed functional synaptic contacts. Thalamic axons in vitro made specific connections with their cortical target cells, regardless of whether they entered the cortex from the white matter side or from the pial side. These results suggest that thalamic relay cells have an intrinsic mechanism that allows them to recognize their cortical target cells.
Thalamic development in vitro Using a roller culture technique, we obtained viable cultures from the lateral thalamus of 0-2-d-old rats. Thalamic slice cultures prepared from older animals usually degenerated after a few days in vitro. The viability of thalamic cultures was paralleled by the fiber outgrowth from these explants. Fiber outgrowth was observed in thalamic explants taken from 0-2-d-old animals, but very rarely in explants taken from older animals. In the rat, during normal development, geniculocortical axons have already arrived beneath the cortical plate by E 18, but they do not grow into the cortex. Rather, they wait in the subplate zone until, after a second growth spurt, they enter the cortex and reach their target cells in layer 4 by Pl-P3 (Lund and Mustari, 1977) . This timing coincides with the capacity of thalamic neurons in vitro to extend neuronal processes and to innervate cocultured cortical tissue.
The two classes of neurons described in rat LGN by Grossman et al. (1973) class A (multipolar cells) and class B (bipolar cells), could be identified in slice cultures, and furthermore they had the characteristic morphology of their in vivo counterparts. In the normal animal, the morphology of both class A and class B cells is very immature during the first 3 postnatal days, the time period during which most thalamic cultures were prepared. Golgi studies showed that cells at this stage of development have short primary dendrites with few higher-order dendrites. In addition, there are often growth cones at the ends and along the stems of dendrites, and fine appendages can be seen arising from the cells' somata (Pamavelas et al., 1977) . These immature features were not observed in our slice cultures. After 8 or more days in vitro, thalamic neurons had a rather complex dendritic tree, and we rarely found growth cones on dendrites or appendages on cell bodies. This indicates that the morphological maturation ofthalamic neurons continues at least to some extent in vitro. Similar observations have been made previously in slice cultures from the hippocampus, cerebellum, and cortex (GBhwiler, 198 1 b; Caeser et al., 1989) .
Trophic interactions between thalamus and cortex? It has been proposed that survival and neurite outgrowth of thalamic neurons depend on the action of factors derived from their cortical target (Haun and Cunningham, 1984; Molnar and Blakemore, 199 1) . Such trophic influences of target structures on neuronal survival and differentiation during development are well established in the PNS (Levi-Montalcini, 1987) . However, the evidence for trophic interactions between thalamic neurons and their cortical targets is less compelling. In vivo studies showed that lesions of the visual cortex during early postnatal development cause massive cell death in the LGN (Cunningham et al., 1979; Perry and Cowey, 1979) . After transplantation of cortical explants into the cavity created by lesions of the occipital cortex, the survival time of cells in the LGN was prolonged for 1 week, but nevertheless the neurons died Cunningham, 1984,1987; Cunningham et al., 1987) . With dissociated thalamic neurons in vitro, it was found that cocultured cortical cells supported the survival of thalamic neu- rons, but nontarget cerebellar cells had a much stronger effect on the survival rate of thalamic cells in culture (Hisanaga and Sharp, 1990) . Thus, these experiments argue against a specific trophic action of the cortical target on thalamic neurons. Recently, Molnar and Blakemore (1991) reported that thalamic explants on collagen-coated membranes showed very little outgrowth, whereas many thalamic fibers grew into a neighboring cortical explant. This seems to suggest that the cortex can exert a trophic influence on thalamic neurons. However, an alternative interpretation is that these results reflect substrate differences for neurite extension. In contrast to cortical tissue, collagen might be a nonpermissive substrate for growing thalamic axons.
The difficulties encountered in the present study in obtaining viable thalamic slice cultures from early postnatal animals might be due to the absence of target-derived trophic agents. However, another explanation for the limited survival rate of thalamic explants may be found in the structural organization of the thalamus. The thalamus is primarily a relay station; 80% of its neurons project to the cortex (Sherman and Koch, 1986) . More than half of the synaptic contacts in the LGN are made by retinal and cortical input fibers (Wilson et al., 1984) and there is additional input from several different brainstem nuclei (Moore and Bloom, 1979; Kimura et al., 1981; Pasquier and Villar, 1982) . Therefore, neurons in thalamic explants are severely de- prived of the inputs they receive and of the contacts they make with other neurons. This is in contrast to cortical explants, since the majority of cortical connections are intrinsic in nature. For example, about 80% of all synaptic contacts in layer 4, the main recipient zone of thalamic input, arise from intrinsic cortical connections (White, 1979) . Even though there is approximately the same percentage of projection neurons in the cortex as in the thalamus (Gabbott and Somogyi, 1986; Meinecke and Peters, 1987) , cortical projection neurons also participate heavily in intrinsic connections. Corticothalamic projection cells, for example, have a strong projection to layer 4 (Katz, 1987) , and corticotectal cells have many axon collaterals in layer 6 (Hiibener and Bolz, 1988; Hiibener et al., 1990) . Synaptic connections are therefore much better preserved in cortical than in thalamic explants, and this might be at least one of the reasons why cortical slices survived much better in culture than thalamic slices. In cocultures, thalamic neurons that were able to establish projections to their cortical target cells were observed up to 4 weeks in culture, whereas many fibers that grew out of the thalamic explant but did not reach the cortex degenerated after about 1 week in vitro. Thus, it appears that synaptic contacts are important for the survival of neurons under the described culture conditions. This notion is further supported by a recent study with slice cultures from rat somatosensory cortex (Behan et al., 199 1) . In rodent somatosensory cortex, there is a unique Figure 14 . Optical recordings from a cortex-thalamus coculture after electrical stimulation in the thalamus. A, Optical signals recorded with a photodiode array after electrical stimulation in the thalamus (same conventions as in Fig.  9) . B, Iatencies of the optical signals coded in gray levels. Note that the shortest latencies are obtained near the stimulating electrode in the thalamus (x ) and in the middle of the cortical slice. In this experiment, the thalamus was placed next to the pial side of the cortex. organization of groups of neurons in layer 4 into "barrels" (Woolsey and van der Loos, 1970) . The barrel architecture was maintained, and most slice cultures survived when the slices were cut sag&tally, so that intrinsic interlaminar connections were preserved. However, the barrels disappeared, and many slice cultures degenerated when the slices were cut tangentially, where intrinsic input from other cortical layers was severed. Thus, these results also suggest that intact neuronal circuits are an important factor for the viability of slice cultures.
Pathjinding of thalamocortical axons
In the present study, we found no influence of the cortical target tissue on the number of axons emerging from thalamic explants, nor was there any indication of a directed growth of thalamic axons toward the cocultured cortex. Axons emerged radially in all directions from thalamic explants, and only axons that happened to grow toward the cortical explant established connections with their target cells. Thus it seems that cortical tissue in vitro has neither a growth-stimulating or trophic, nor an attractant or tropic effect on thalamocortical projection neurons. Several mechanisms have been proposed that may direct growing central and peripheral axons. For example, extracellular channels have been hypothesized to guide growing axons mechanically toward their target (Singer et al., 1979; Silver and Sidman, 1980) . Extracellular matrix molecules are able to promote neurite outgrowth and, when localized in defined tracks, can orient growing axons (for a review, see Jessell, 1988) . Studies on the selection of peripheral pathways by axons of developing motor neurons in chick embryos suggested that different populations of motor neurons recognize specific cues within a restricted region of the limb (Lance-Jones and Landmesser, 198 1). Such environmental cues or specific preformed pathways are not present in our culture system, and this might be one possible reason why we observed random outgrowth of thalamocortical axons in vitro.
Another mechanism that might guide axons to their targets is the selective fasciculation with other axons (Bray et al., 1980) . If axons grow in association with other axons, existing axonal pathways could serve as a scaffold upon which later growing axons extend. The ability of growth cones to recognize axon tracts is well documented in invertebrates. In grasshopper embryos, the axons of identified neurons grow along specific subsets of axon bundles, and ablation studies have demonstrated that these axons may require their preferred axon bundle in order to find their target (Goodman et al., 1984) . In the case of the thalamocortical projection, thalamic axons could fasciculate with corticothalamic axons and track along this pathway toward their target. In our in vitro system, we often found that axons of cortical neurons grew into thalamic explants ; however, we never observed thalamic fibers fasciculating with or growing along these corticothalamic axons. Moreover, in some cocultures thalamic fibers invaded the cortex, but no corticofugal axons were detected. Thus, it appears unlikely that the thalamocortical projection we observed was guided by, or dependent on, the presence of corticothalamic axons.
Although in the present experiments we found no evidence Connections i n Cortical Slice Cultures for chemoattractant guidance cues, it is nevertheless conceivable that thalamic axons in vivo might be directed by such a mechanism. Perhaps we failed to detect tropic effects for methodological reasons. If axons are guided by gradients of diffusible molecules emanating from their targets, then these gradients might be diluted or washed out under culture conditions. However, the explants were cultured in plasma clots, and such semisolid matrices appear to stabilize gradients of diffusible molecules secreted from the target (Ebendal and Jacobson, 1977) . It seems unlikely that we missed chemoattractant factors for thalamic cells, since the existence of such factors could be demonstrated in the same culture system for cortical projection cells Tessier-Lavigne et al., 1988; Placzek et al., 1990) . The CNS could employ a similar strategy for the formation of thalamocortical projections, for example by using the internal capsule, the gateway between thalamus and cortex, as a guidepost. This could be tested by coculturing thalamic explants with different subcortical structures that might possibly guide thalamocortical axons.
Target recognition of thalamocortical axons A major finding of this study is that thalamic neurons in vitro are able to recognize their correct target layer. Thalamic axons established functional connections in the appropriate layer of cocultured cortical slices, irrespective of whether they invaded the cortex from the white matter or from the pial side of the cortex. Thalamic fibers that did not grow toward a cocultured cortex continued to grow over several millimeters in the plasma clot, and these fibers were usually much longer than those that terminated in the cortical explants. Thus, the termination of thalamic fibers in the middle of cocultured cortical slices is not due to a limited growth capacity of thalamic axons in vitro. Moreover, thalamic axons that grew into the cortex arborized in their target layer. This is in contrast to thalamic axons in the plasma clot, which bifurcated only very rarely. Thus, the cortical target cells in layer 4 appear to provide a signal that causes thalamocortical axons to stop with axon elongation, and to start to branch and to make synaptic contacts. There have been several speculations about possible interactions between early-arriving thalamocortical axons and their cortical environment. For example, it has been hypothesized that interactions between thalamic afferents and migrating layer 4 neurons might be important in determining that these neurons will later receive the input from the thalamus (McConnell, 1988) . In addition, there have been several suggestions that subplate cells mediate processes that might be relevant for the formation of thalamocortical projections (Rakic, 1977; Rakit, 1980, 1990; Shatz and Luskin, 1986; Chun and Shatz, 1988; McConnell et al., 1989; Friauf et al., 1990; Ghosh et al., 1990) . Our in vitro experiments with ectopically positioned thalamic explants suggest that thalamic axons have to bypass neither migrating neurons nor subplate cells in order to be able to contact their cortical target cells. Rather, it seems that thalamic neurons have an intrinsic mechanism that allows them to recognize their appropriate cortical cells.
In the present study, thalamic explants were prepared from young postnatal animals, at a time when most geniculocortical axons in vivo accumulate in the subplate zone and migrating layer 4 cells already have passed the waiting afferents. Thus, some critical interactions between thalamic afferents and the cortical environment might have already taken place before slice culture preparation. However, we have preliminary observations with thalamic explants cultured at El6 indicating that neurons from these explants also innervate postnatal cortical slices in the appropriate layer (G&z et al., 199 1) . These thalamic afferents could not interact with cortical cells, since at this early stage of development in vivo, only very few thalamic axons have arrived in the vicinity of the cortical plate (Lund and Mustari, 1977; Catalan0 et al., 199 1) . Thus, it appears that thalamocortical axons are already able to recognize their target cells in layer 4 very early in development. However, this certainly does not exclude the possibility that interactions between thalamic afferents and cortical neurons play a significant role in the formation of thalamocortical projections. For example, in our experiments with embryonic tissue, we found that thalamic afferents are not able to innervate cortical slices where layer 4 cells
are not yet present. This suggests that the cortex regulates the innervation of thalamic afferents and directs thalamic fibers at the appropriate time toward their cortical target cells. In further studies, slice cultures should provide a valuable tool to examine more closely the interactions between thalamic afferents and different types of cortical neurons during establishment of thalamocortical projections.
